Abstract | Biomarkers are needed to guide treatment decisions for patients with rheumatic diseases. Although the phenotypic and functional analysis of immune cells is an appealing strategy for understanding immune-mediated disease processes, immune cell profiling currently has no role in clinical rheumatology. New technologies, including mass cytometry, gene expression profiling by RNA sequencing (RNA-seq) and multiplexed functional assays, enable the analysis of immune cell function with unprecedented detail and promise not only a deeper understanding of pathogenesis, but also the discovery of novel biomarkers. The large and complex data sets generated by these technologies-big data-require specialized approaches for analysis and visualization of results. Standardization of assays and definition of the range of normal values are additional challenges when translating these novel approaches into clinical practice. In this Review, we discuss technological advances in the high-dimensional analysis of immune cells and consider how these developments might support the discovery of predictive biomarkers to benefit the practice of rheumatology and improve patient care.
Introduction
Commonly in rheumatology practice, therapeutic decisions need to be made in situations of uncertainty. Even for rheumatoid arthritis (RA), a well-defined rheumatic disease with established treatment protocols, the optimal treatment strategy after a patient has failed first-line therapy with methotrexate (Box 1) is uncertain. Currently, we cannot predict whether this patient is most likely to respond to inhibition of TNF or IL-6, to B-cell depletion, to T-cell co-stimulatory blockade or any other pharmacological intervention. A different type of uncertainty is encountered in the setting of a poorly defined inflammatory condition (Box 2), for which data from randomized controlled clinical trials are lacking and expert opinions diverge. In both clinical scenarios, biomarkers would help in choosing the most appropriate treatment strategy. This Review focuses on the development of cellu lar biomarkers in rheumatic diseases. We discuss technological advances for the multidimensional profiling of immune cells and consider their utility as discovery tools and their potential use in clinical practice.
Biomarkers, defined as a "characteristic that can be objectively measured as an indicator of normal or pathological biological processes, or as an indicator of response to therapy", 1 can be derived from different types of data, including genetic polymorphisms, autoantibody profiles, cytokine levels or clinical parameters (Box 3). 2 In immune-mediated diseases, immune cells are particularly promising from the biomarker perspective owing to their central role both as orchestrators of immune responses and as drug targets. Moreover, immune cells might not only provide information about the status quo of an immune response, but also about its history (for example, by measuring the frequency and specifi city of memory T cells) and potentially about its future (for example, by measuring cellular responses to in vitro stimulation). Other medical specialties, most notably haematology, oncology and transplantation medicine, have already demonstrated the broader utility of this approach. For example, flow cytometry analysis of peripheral blood, lymph node and bone marrow (Box 4)is routinely used to search for abnormal cell populations that are indicative of lymphoproliferative disorders, 3 recipients of bone marrow grafts are monitored by flow cytometry for engraftment and immune reconstitution, and commercial assays are available to screen heart transplant recipients for evidence of rejection by analysing peripheral blood cells. 4 'Personalized medicine' and 'precision medicine' 5, 6 are concepts that emphasize the need to tailor therapies according to insight into the genetic, cellular and molecular basis of the disease in each indivi dual patient. We are optimistic that this strategy can be implemented successfully to improve outcomes for patients with inflammatory rheumatic diseases and guide treatment decisions in situations of uncertainty.
in dye chemistry as well as laser and cytometer technology has resulted in a steady increase in the number of para meters that can be measured per cell (Figure 2 ), and many modern laboratories routinely perform 10-parameter flow cytometry (forward and side scatter plus eight fluorescent channels). Whereas early flow cytometry was confined to the analysis of cell surface markers, subsequent technical advances substantially expanded the spectrum of information that can be obtained: cell membrane permeabilization enables antibody-mediated staining of cytoplasmic and nuclear proteins, including cytokines and transcription factors; 7 proximal cell signalling responses can be measured using antibodies that are specific for phosphorylated signalling molecules; 8 cell proliferation can be quantified by tracking the dilution of a fluorescent label during successive rounds of division; 9 and cells can be sorted for in vitro gene expression or functional analysis.
The study of patients with RA provides some examples of how flow cytometry of immune cells isolated from blood has identified cellular parameters that might predict therapeutic responses. Given the association of RA with particular MHC II alleles, most notably HLA-DRB1*0401, 10, 11 much attention has focused on the analysis of CD4 + T cells. Early studies of peripheral blood cells in patients with active RA detected an increased frequency of CD4 + T cells that were positive for activationinduced surface markers, including CD69, HLA-DR, CD49a (very late antigen 1), and CD154.
12-14 Several groups have since described the expansion of IL-17-producing helper T cells (T H 17 cells) relative to regulatory T (T REG ) cells in patients with active disease. 15, 16 Although no consensus has emerged as to whether the phenotype or function of T REG cells is altered in RA (recently reviewed elsewhere 17 ), IL-6 receptor blockade has been shown to result in the normalization of the T H 17-cell to T REG -cell ratio. [18] [19] [20] Another T-cell abnormality in RA is the expansion of terminally differentiated, cytotoxic CD4 +
CD28
-T cells, 21, 22 particularly in patients with severe disease and extra-articular manifestations of disease. 23 Small studies have reported that a positive response to treatment with abatacept or inflixi mab correlated with a reduction in the frequency of circulating CD4 + CD28 -T cells, and that a high frequency of CD4 + CD28 -T cells prior to initiation of abatacept therapy was associated with a poor clinical response. 24, 25 The enumeration of CD19 + cells in the peripheral blood, as a means of monitoring B-cell depletion in patients with RA who were treated with rituximab, might be the only routine application of flow cytometry in current rheumatology practice. Residual circulating B cells, despite rituximab therapy, have been shown to be predictive of a worse response to therapy, although this finding was not consistent between studies. 26, 27 Low numbers of circulating CD27 + memory B cells and CD27 hi CD38 hi preplasma cells at baseline have been associ ated with a better clinical response to rituximab, 28, 29 whereas a high frequency of CD27 + memory B cells has been correlated with a favourable response to TNF inhibition. 30 Whether this dichotomy can be translated into improved clinical outcomes is not known. Clearly, the validation of cellular biomarkers in prospective clinical trials still has a long way to go. 31 
Tetramers
Most flow cytometry studies of immune cells in RA and other rheumatic diseases have focused on major cell popu lations, regardless of antigen specificity. It is conceivable, however, that altered patterns of major cell subsets mostly represent secondary effects and that the quantification and functional characterization of antigen-specific cells would be more informative. Tetramer technology has enabled the identification of individual antigen-specific lymphocytes in primary cell isolates without the need for antigenic stimulation in vitro. MHC tetramers are composed of four biotiny lated MHC complexes held together by an avidin anchor. 32 Staining lymphocytes with fluorescently labelled MHC tetramers loaded with a peptide of interest enables the identification of T cells carrying cognate T-cell receptors (TCRs) for this MHC-peptide complex. Tetramers of the RA-associated DRB1*0401 chain loaded with citrullinated peptides derived from vimentin, aggrecan, fibrinogen, enolase and other proteins have been used to identify citrullinated-peptide-specific CD4 + T cells; [33] [34] [35] whereas these cells were detected both in patients with RA and in healthy individuals, they were more numerous in patients with RA, with the greatest differences detected within the first 5 years of diagnosis. 35 Higher numbers of citrullinated-peptide-specific CD4 + T cells correlated with increased disease activity, 34 whereas fewer cells were detected in patients responding to biologic therapy. 35 Factors limiting the broad application of tetramer technology include the high MHC diversity in human populations (although this might be less of a problem in diseases with strong MHC association, such as RA) and the nontrivial problem of identifying relevant antigenic peptides for loading into MHC tetramers. In the aforementioned studies of citrullinatedpeptide-specific T cells in RA, a candidate protein approach was used, in combination with bioinformatics, to identify protein fragments that bind to DRB1*0401. Tetramers can also be constructed from whole proteins to enable the detection of antigen-specific B cells by flow cytometry; 36 to date, no published studies have used this approach to quantify or isolate antigen-specific B cells from patients with rheumatic diseases.
Mass cytometry
As an alternative strategy, also applicable to nonautoimmune diseases, the comprehensive analysis of lymphocyte and myeloid-cell alterations using a broad range of markers of differentiation and function might identify patterns of pathological immune deviation or disease-specific subpopulations with predictive or prognostic value. The latest flow cytometers, equipped with four lasers, can detect as many as 20 parameters per cell, 37 but >50 parameters per cell can be measured using mass cytometry, a powerful, new technology for high-dimensional cellular marker analyses. With this technology, cells are labelled with antibodies conjugated to rare earth metals and then analysed by mass spectroscopy ( Figure 1b) . 38 The fluorophores used in traditional flow cytometry have broad overlapping emission profiles, which limits the number of measurable parameters, and 'compensation' is needed to account for the signal spillover between channels ( Figure 1a ). By contrast, mass cytometry relies on the detection of discretely quantized atomic masses ( Figure 1b) ; as a result, the overlap between 'channels' is lower and the need for compensation reduced. Instead, the limiting factor is the availability of pure and stable metal isotopes that can be conjugated to antibodies. The greater number of parameters per cell that can be measured by mass cytometry comes at a cost: the analytical event rate is substantially lower than in fluorescence-based flow cytometry, the turbulence of nebulization results in the loss of nearly half of the input cells, and the cells are destroyed in the detection process, making cell-sorting impossible. 39 Despite these limitations, mass cytometry has great promise for the field of immunology as it captures biological complexity in great detail. Applications published to date include the identification and characterization of relevant subsets in heterogeneous cell populations, 40 the multi dimensional functional profiling of individual cells 41 and the delineation of developmental pathways. 42 A study that analysed circulating immune cells from patients before and after total hip arthroplasty by mass cyto metry found that signal transducer and activator of transcription 3 (STAT3), cAMP response element-binding protein (CREB), and NFκB phosphorylation signals in monocytes correlated with recovery from fatigue, pain and impairment after surgery. 43 The application of this techno logy to the analysis of rheumatic diseases has not been reported.
Genome-wide expression analysis
The analysis of immune cells by gene expression profiling is a complementary approach to flow and mass The question of what constitutes a 'relevant tissue' is critical when analysing immune responses in patients with inflammatory rheumatic diseases. 102 One perspective is that the analysis of tissues from diseased target organs, such as the synovial membrane of patients with RA, is indispensable. 103 Supporting this view, multiple studies have demonstrated phenotypic differences of lymphocytes isolated from peripheral blood compared with those from the inflamed synovium of patients with RA. Furthermore, in some organs, long-lived tissue-resident immune cells have distinct functions during physiological and pathological immune responses (for example, subsets of CD4 + and CD8 + T cells in human skin). 104, 105 In mice, IL-23R + CD3 + CD4 -CD8 -T cells in the entheses and the aortic root were shown to mediate the development of enthesitis, arthritis and aortitis in response to systemic overexpression of IL-23. 106 Although these studies emphasize the importance of analysing target tissues in order to understand pathogenesis, obtaining specimens from affected organs is often difficult. Skin biopsies are readily performed and synovial biopsies have become more feasible with the development of ultrasound-guided minimallyinvasive techniques, 107,108 but kidney, lung or brain biopsies have a substantial procedural risk. Moreover, specimens are typically small and tissue preparation for single-cell analysis is challenging. Because of these limitations, peripheral blood is likely to remain as the primary source for analysing immune cells in clinical practice. Peripheral blood is easily accessible and provides enough material for analysis (10-15 × 10 6 mononuclear cells per 10 ml blood). Peripheral blood can be analysed repeatedly, and the comparison of samples from patients, regardless of which organs are affected by the disease, is possible.
Abbreviations: IL-23R, IL-23 receptor; RA, rheumatoid arthritis.
cyto metry. Transcriptomic profiling became feasible with the development of microarray technology in the late 1990s and has been highly successful in the assessment of haematological malignancies, enabling the molecular classification of lymphomas and providing prognostic value. 44, 45 The basic principle of cDNA microarray t echnology is depicted in Figure 3a .
Armed with this technology, investigators have conducted genome-wide gene expression profiling of peripheral blood cells in case-control studies of many rheumatic diseases. The most convincing finding was the interferon signature in patients with systemic lupus erythematosus (SLE), 46, 47 which consists of a set of type I interferon-inducible genes that is highly expressed in individuals with SLE and is consistent with other lines of evidence that suggest that type I interferon has an important function in the pathogenesis of SLE. 48, 49 An interferon signature was also found in patients with subacute cutaneous lupus, primary Sjögren syndrome, myositis, systemic sclerosis and a subgroup of patients with RA, 50 suggesting partial overlap of the pathophysiology of these rheumatic diseases.
Multiple studies have sought to identify gene expression signatures that would predict the response of patients with RA to treatment with TNF inhibitors, rituximab or tocilizumab (reviewed elsewhere 51 ). Interestingly, two studies found (concordantly) that an interferon signature was associated with a poor response to rituximab. 52, 53 Results were otherwise heterogeneous, with little reproducibility between studies, probably because most of these studies were small, used diverging response criteria and differed in sample preparation and choice of microarray platform. Furthermore, the analysis of whole blood or unfractionated peripheral blood mononuclear cells is confounded by the variable abundance of neutrophils, monocytes and lymphocytes in samples from different individuals, which substantially affects the gene expression patterns measured in these samples. 54 Many investigators have, therefore, started to analyse gene expression signatures in sorted cell subsets. For example, in their study of peripheral blood CD8 + T cells in anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis and SLE, McKinney et al. 55 found a gene expression signature dominated by IL-7-receptor-induced and TCR-induced genes that could be used to distinguish a subset of patients with a worse prognosis; these findings were subsequently extended to include patients with Crohn disease. 56 Pratt et al. 57 found a STAT3 gene expression signature in CD4 + T cells of patients with early arthritis that predicted the development of RA, particularly in anti-citrullinated protein antibody (ACPA)-negative patients. Interestingly, the strength of the gene expression signature correlated with the serum concentration of IL-6, a cytokine that signals through STAT3.
Technological progress and the plummeting cost of next-generation sequencing technologies have made gene expression analysis by RNA sequencing (RNA-seq) feasible (Figure 3b) . 58 RNA-seq has several advantages over hybridization-based microarray technology. First, sequencing itself does not depend on prior reference sequence information; as a result, RNA-seq can be used to detect variant splice isoforms and sequence variations. Furthermore, RNA-seq is more sensitive than microarray technology to rare transcripts, has a high dynamic range and is very accurate when compared with the gold standard of quantitative PCR. 59 Finally, RNA-seq has the potential to provide an absolute count of transcript abundance, whereas the signal intensity of microarrays depends not only on abundance of the target sequence but also on the binding strength of the specific oligonucleotide sequence. These features of RNA-seq could help to overcome a major drawback of micro array t echnology-the difficulty of combining data from experiments that were performed at different times and in different laboratories thereby limiting the number of samples that could be included in a study. Genomewide association studies have derived great strength from the analysis of very large cohorts of cases and controls that were often genotyped using different technology platforms. 60 RNA-seq might be the key to analysing genome-wide gene expression profiles in similarly large cohorts.
Advances in efficient library preparation from small amounts of RNA have made RNA-seq of individual cells possible. 61 Microfluidic devices can separate indivi dual cells and automatically perform subsequent biochemical reactions in nanolitre-scale volumes, thereby enabling parallel processing of many samples and lower ing the cost of consumable reagents. 62 Furthermore, barcoding cDNAs from individual cells permits multiple cells to be pooled into a single sequencing reaction, thus further reducing the cost. Potential applications of single-cell sequencing include the analysis of individual rare cells (for example, antigen-specific T cells identified by MHC-peptide tetramer staining) to detect whether there is enrichment of abnormal splice variants or somatic mutations in these cells, or to analyse heterogeneous cell populations, as has been done with dendritic cells. 63 Single-cell RNA-seq might complement the analysis of individual cells by high-dimensional flow or mass cytometry. RNA-seq is not limited by the availability of specific antibodies and can probe the whole transcriptome. Together, these approaches might identify candidate cell populations or functions in small cohorts of patients that could then be analysed in larger studies and, ultimately, with more readily available and less expensive technologies in the clinic. One such technology to measure the expression of multiple genes in parallel is the nCounter® analysis system (NanoString Technologies®, USA; Figure 3c) , 64 which enables the accurate measurement of several hundred transcripts over a large dynamic range. 65 
In vitro assays of immune cell function
Many in vitro assays of immune cell function exist for the measurement of cell proliferation, viability, changes in gene or protein expression, phagocytosis or cyto toxicity. Yet, functional cellular assays are mostly missing from the routine clinical laboratory. Poor reproducibility between laboratories owing to a lack of standardized protocols is a major factor contributing to this status quo. The need for more detailed reporting of experimental protocols has been recognized as a first step toward assay standardization and has led to the development of the MIATA (Minimal Information About T cell Assays) guidelines. 66, 67 Other hurdles for the introduction of functional assays into clinical practice include the (often substantial) degree of manual sample handling by human operators and logistical issues pertaining to sample acquisition, storage and processing. Each of these factors can introduce 'batch effects' and introduce day-to-day variability even within one laboratory. Nevertheless, as the clinical utility of the IFN-γ-release assay (IGRA) demonstrates, these obstacles are not insurmountable. Approximately a decade ago, the IGRA was introduced to identify patients infected with Mycobacterium tuberculosis; its two variants (Figure 4a ), an ELISPOT assay 68 (marketed as T-SPOT®.TB, Immunotec, UK) and an ELISA-based method (marketed as QuantiFERON®-TB Gold, Quest Diagnostics, USA), 69 are now established in the clinic.
A conceptually different approach, taken by Duffy et al., 70 was the stimulation of whole blood with a panel of 27 stimuli followed by measuring the secretion of 32 analytes using a multiplex bead immunoassay. Rather than looking at antigen-specific responses, this study focused on nonspecific stimulation with ligands of microbial origin, cytokines or a combination of anti-CD3 and anti-CD28 antibodies as a polyclonal T-cell stimulus. Minimal sample handling was required owing to the use of a novel semi-closed culture system (Figure 4b ). The 25 healthy volunteers recruited for this study had mostly identical responses, except for two participants whose blood cells did not secrete IL-1α in response to any of the stimuli, suggesting that this kind of immune profiling is both reliable and sensitive enough to detect aberrant responses. A drawback of the method is that bulk stimulation of whole blood activates a spectrum of cell types, each of which could contribute differentially to the global response measured. Some results might, therefore, be difficult to interpret given the lack of cell-count Figure 3 | Methods for genome-wide and multiparameter gene expression analysis. cDNA microarrays: sample mRNA is reverse-transcribed into fluorescently labelled cDNA, which is then hybridized to gene-specific oligonucleotide probes arrayed on a solid matrix (the 'chip'). After complementary sequences have bound, and unbound sample is washed away, the chip is scanned. Fluorescence intensity detected at a specific location on the array provides a measurement of mRNA abundance. RNA-sequencing: RNA is reverse-transcribed into short double-stranded cDNA fragments that are sequenced using next-generation sequencers, mapped in silico to the reference genome and counted. The number of reads representing a specific mRNA corresponds to the abundance of that mRNA in the sample. nCounter® analysis system (NanoString Technologies®, USA): mRNA molecules are hybridized in solution to two sequence-specific probes per gene of interest-a capture probe that anchors the hybrids to a solid support for analysis and a reporter probe carrying a fluorescent barcode to identify the RNA. The number of hybrids with a specific barcode corresponds to the abundance of that mRNA species in the sample.
REVIEWS
normalization and the inability to distinguish primary from secondary effects with a single readout after 24 h. Nonetheless, approaches like this might have utility in the clinic. The pattern of the response to antigen-specific stimulation in diseases for which candidate antigens have been identified (for example, citrullinated proteins in RA), or polyclonal stimulation in diseases without known autoimmune targets, might identify dominant pathways in individual patients, thereby providing guidance for therapeutic decisions. In the future, functional studies of this kind might use integrated microfluidic devices, a 'lab on a chip' , 71 that require little starting material and enable the automated sampling and analysis of supernatant at multiple time points.
Big data
A common theme of fluorescence-based cytometry, mass cytometry, genome-wide analysis of gene expression and multiplex functional assays is the generation of very large data sets. Transcriptomic analysis, starting with microarrays, was a pioneering technology for dealing with so-called 'big data' and led to the development of techniques for quality control and data normalization as well as novel methods for data analysis and visualization. [72] [73] [74] One commonly used method for analysing microarray data is cluster analysis and the generation of heat maps to visualize results ( Figure 5a) ; 75 cluster analysis, for example, was used for the identification of the interferon signature in SLE. Principal component analysis (PCA) 76 and similar dimensional reduction methods are other strategies to summarize microarray data and detect patterns in large data sets. These approaches enable highdimensional data from individual samples to be plotted along 2D axes in a way that preserves the relative distance between the samples. Application of these methods often reveals relationships between subsets of samples that are not obvious to the eye.
Gene expression analysis by RNA-seq poses additional analytical challenges in that substantial data processing is required to convert the massive amounts of raw data generated by automated sequencing machines into gene expression values. This process requires sophisticated In the ELISA method (marketed as QuantiFERON®-TB Gold In-Tube Test; Quest Diagnostics, USA), whole blood is stimulated with M. tuberculosis proteins, and the amount of IFN-γ secreted into the supernatant is quantified by ELISA. 69 In the ELISPOT method (marketed as T-SPOT.TB; Oxford Immunotec, UK), 68 PBMCs are prepared by density gradient centrifugation. A defined number of cells is then stimulated with M. tuberculosis protein for 24 h on plates coated with anti-IFN-γ antibodies. Antigen-responsive cells secrete IFN-γ, which binds to these antibodies and is, after removal of the cells, subsequently detected by a second labelled anti-IFN-γ antibody. The number of spots on the plate corresponds to the number of IFN-γ + cells in the sample. b | Whole blood multiparameter stimulation assay. 70 Whole blood is added to a battery of TruCulture® tubes (Myriad RBM, USA) prefilled with standardized amounts of individual stimuli. The tubes are incubated on a simple heating block. After 24 h, the supernatant is separated from the cells by centrifugation and analytes of interest are measured in the supernatant using a bead-based multiplex ELISA. The number of data points generated per sample is equal to the number of stimuli multiplied by the number of analytes measured in the supernatant. Abbreviations: ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked Immunospot; M.tb., Mycobacterium tuberculosis; PBMC, peripheral blood mononuclear cell; RBC, red blood cell. data handling procedures. Next-generation sequen cers generate millions of short (~100 bp) reads. The first critical step in analysing RNA-seq data is the mapping of reads to specific genes using software implementations of sequence alignment algorithms. 77, 78 The second step is to infer expression values, which in essence means to count the number of reads per gene. Mapped reads can also be used to identify novel transcripts. The optimal strategies for RNA-seq analysis of specific a pplications are still being defined. 79 Flow cytometry data have traditionally been analysed by manual gating of 2D dot plots. This approach is sufficient to visualize the production of two cytokines by a cell population of interest, but cannot adequately represent the data when three or more cytokines are measured simultaneously. Moreover, although biological evidence supports the use of a CD3 gate to identify T cells or a CD19 gate for B cells, for example, manual gating becomes increasingly difficult and subjective when highdimensional data sets are analysed, data sets that might include markers expressed across a spectrum of cell types. To this end, we and others have explored the utility of automated gating methods. [80] [81] [82] SPADE (Spanning-tree Progression Analysis of Density-normalized Events) 83 is a radical departure from 2D gating, as cells are clustered in n-dimensional space according to similarity in expression across all n measured parameters. For data visualization, the cluster network is 'flattened' into a 2D dendrogram (Figure 5b ). Since the introduction of SPADE, several alternative approaches have been developed for the identification of novel cellular subsets and the analysis of rare cell types, including viSNE (visualization of the t-distributed Stochastic Neighbor Embedding algorithm), which preserves individual cellular events and represents similarity across all n markers as distance between cells in a 2D plot (Figure 5c ). 84, 85 Although many computational strategies have been developed, additional research in this area is needed. RNA-seq data analysis continues to evolve as new sequencing protocols emerge, and mass cytometry data analysis is an active area of research as investigators consider its application in disease-specific case-control studies. The large-scale application of mass cytometry will require the development of effective normalization strategies 86 and of automated methods to infer and correct for variations in cell proportions in different clinical samples. 87 Clearly, a paramount challenge is to translate statistical findings into biological meaning with pathway analyses, integrating with biological databases, and automated cross-referencing with biomedical context.
Translation into clinical practice
We have described existing and emerging techniques for the high-dimensional profiling of immune cells in research. By using either of two basic strategies, these investigations could enable the development of clinically useful biomarkers. The first strategy relies on data reduction and the identification (by applying appropriate filters) of a single parameter or small number of parameters that can be measured using standard techniques. The search for prognostic markers in colorectal cancer is a good example of this approach. A combination of gene expression analysis, tissue microarrays and flow cytometric profiling of colorectal cancers showed that the extent and localization of infiltrating memory T cells, in particular CD8 + T cells, correlated with a lack of early metastatic invasion and a better overall prognosis. 88, 89 From the initial multidimensional analysis, a simple immunohistochemical score was developed that requires detection of only three markers (CD3, CD8 and CD45R) in two regions of a tumour-a scoring system that might be implemented broadly in clinical practice. 90 The second strategy involves the use of highdimensional assays in clinical practice, as the pattern of multiple markers might be more informative than a single marker or a simple ratio between two markers. In addition to the technical issues already discussed, the implementation of this approach generates additional challenges. In a research setting, molecular and cellular analyses are typically performed at a single institution, often by a small number of technicians, and samples are batched into just a few runs. In the clinical setting, however, samples are processed in real-time on a daily basis, and the data from individual patients are compared to a historical reference. This strategy, therefore, relies on the development of robust standardized protocols for sample handling and analysis that enable reprodu cible results within and between institutions and a precise definition of 'normal' . The Human Immunology Project is one effort to generate this knowledge. 39 Factors contributing to variability in flow cytometry include the definition of cell subsets, choice of antibody clones and fluorochromes, cytometer settings, sample handling and analysis. Lyoplates TM (BD Biosciences, USA) contain standardized antibody mixtures that improve reproducibility of results. 91 Operator training and the development of software tools for automated analysis are other strat egies for improving the reliability of results. An additional problem to be solved is the interpretation of multiparametric data by medical professionals. Substantial training and learning as well as the development of appropriate clinical decision support tools will be required to empower rheumatologists to deal with big data. 1 
Conclusions
The clinical vignettes in Box 1 and Box 2 highlight two common situations in which uncertainty exists regarding the optimal treatment strategy for patients with a rheumatic disease. How might immune-cell profiling contribute to the management of these patients? In clinical scenario 1 (Box 1), several validated options exist for treating this patient with RA; 92 yet, for any of these interventions a fraction of treated patients will have an in adequate response, either due to inter-individual differences in pharmacokinetics and pharmacodynamics, or because of differences in the disease process itself. Mechanistic biomarkers 3 that capture the disease state in the individual patient and predict the response to therapy would be extremely useful. Potential cellular biomarkers include the frequency of immune cell subsets, their gene expression signatures, or quality and magnitude of response to antigen-specific stimulation (for example, using citrullinated peptides). The new technologies introduced in this Review might help to identify candidate biomarkers (for example, using multiparameter cyto metry) or to improve the quality of existing approaches (for example, by replacing microarrays with RNA-seq).
Clinical scenario 2 (Box 2) was introduced to highlight the emerging concept that inflammatory diseases can be classified according to similarities in pathogenesis or therapeutic responsiveness. 93 TNF inhibitors, as the first biologic agent in rheumatology practice, have proven their therapeutic efficacy for many diseases. However, responses diverge substantially for subsequently introduced biologic agents. For example, IL-6 blockade, although effective for treating RA or Still disease, does not work for patients with ankylosing spondylitis, and IL-1 blockade is effective in treating autoinflammatory syndromes and systemic juvenile idiopathic arthritis, but is only marginally effective in the treatment of RA. 93 The realization that rheumatic diseases do not respond uniformly to the increasing number of therapeutic options is of potential value for managing patients with rare conditions. The identification of immune signatures for clinical responsiveness to targeted therapies, as defined in randomized clinical trials of common diseases, might enable clinicians to treat patients with uncommon clinical presentations more effectively by comparing patient data to these validated immune signatures. Immune cell profiles of peripheral blood samples are probably major components of such immune signatures, together with genetic or serological markers and histopathology findings; the latter dimensions of the disease process are outside the scope of this Review. The potential of immune cell profiling for predict ing therapeutic responses in rheumatic diseases has not yet been realized, but recent technological advances promise progress in the near future.
